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Solar air heater is extensively used nowadays in various applications like space heating, seasoning of timber, curing of industrial products, etc. It consists of an absorbed plate with parallel plate below forming a small passage through which air is to be heated and flow. But the main drawback of solar air heater is low thermal efficiency, since the heat transfer coefficient is less between the absorber plate and air. Sometimes surfaces are roughed or longitudinal fines are used or geometrical parameters are changed to increase the thermal efficiency. In the present work, optimal set of operating parameters are investigated using the teaching-learning-based optimization algorithm, at which the thermal performance of a smooth flat plate solar air heater could be maximum. The computational results have shown that the TLBO algorithm is better or competitive to other optimization algorithms recently reported in the literature for the considered problem.
Introduction
Solar air heating is a solar thermal technology, in which the energy from sun is captured by an absorbing medium and used to heat air. Solar air heating is extensively used nowadays in commercial and industrial applications. Solar air heaters are simple in design and construction, but efficiency of flat plate solar air heater is low because of low convective heat transfer coefficient between the absorber plate and the flowing air that increases absorber plate temperature, leading to higher heat losses to environment. Low value of heat transfer coefficient is due to presence of laminar sublayer that can be broken by providing artificial roughness on heat transferring surface.
The use of flat-plate solar collectors to heat air to relatively low temperature has become a common practice in numerous applications from space heating to food dehydration industry (Hegazy, 1996) . Hegazy (1996) optimized the flow channel depth for a conventional flat-plate solar air heater. The author had derived an expression for estimating the channel depth-to-length ratio that yields an outlet air temperature equal to the absorber plate mean temperature in terms of flow pumping power. This expression is of great importance for designers of this type of solar air heater. A parametric study was also carried out to investigate the effect of the channel depth on collector useful heat gain of collector over a wide range of D/L (depth of flow channel/length of absorber plate) ratios, and for different pumping power requirements. Gupta, Solanki, and Saini (1997) explained that the systems operating in a specified range of Reynolds number show better thermohydraulic performance depending upon the insulation. Ammari (2003) presented a mathematical model for computing the thermal performance of a single-pass flat-plate solar air collector. The author had investigated the influence of the addition of the metal slats on the efficiency of solar collector with the help of the model developed. The effect of volume air flow rate, collector length, and spacing between the absorber and bottom plates on the thermal performance of the solar air heater was investigated. Mittal and Varshney (2006) investigated thermohydraulic performance of a wire mesh-packed solar air heater having its duct packed with blackened wire screen matrices of different geometrical parameters (wire diameter and pitch). The authors had concluded that the Reynolds number was a strong parameter affecting the effective efficiency. Also, it was found that for higher values of the temperature rise, the effective efficiency values closely followed the thermal efficiency values, whereas there was an appreciable difference in the lower range of temperature rise values. The authors had also commented that merely the porosity of the bed does not govern the performance. Kalogirou (2006) used artificial neural networks (ANN) for the prediction of the performance parameters of flat-plate solar collectors. Six ANN models were developed for the prediction of the standard performance of collectors. Layek, Saini, and Solanki (2007) optimized solar air heater having chamfered rib-groove roughness on absorber plate. The entropy generation in the duct of solar air heater having repeated transverse chamfered rib-groove roughness on one broad wall was studied numerically. The authors had concluded that the roughness parameters like relative roughness pitch, relative roughness height, relative groove position, chamfer angle, and flow Reynolds number had a combined effect on the heat transfer as well as fluid friction.
Improving the thermal performance by enhancing the heat transfer rate and reducing friction losses depends on the geometrical parameters of the solar air heater and hence, there is a need for optimization of design and operating parameters of the solar air heater. Varun and Siddhartha (2010) used genetic algorithm to investigate the thermal performance optimization of a flat-plate solar air heater. The authors considered different systems and operating parameters to obtain maximum thermal performance. Thermal performance was obtained for different Reynolds numbers, emissivity of the plate, tilt angle, and number of glass plate by using genetic algorithm. Varun, Sharma, Bhat, and Grover (2011) implemented a stochastic iterative perturbation technique to obtain the optimum set of different system and operating parameters, such as the number of glass cover plate, emissivity of the plate, mean plate temperature, rise in temperature, tilt angle, and solar radiation intensity for different Reynolds numbers. El-Sebaii, Aboul-Enein, Ramadan, Shalaby, and Moharram (2011) presented an analytical model for the air heater with flat and V-corrugated plates. The authors had investigated the thermal performance of double-pass flat-and V-corrugatedplate solar air heaters theoretically and experimentally. The effect of mass flow rate of air on pressure drop, thermal and thermohydraulic efficiencies of the flat-and V-corrugated-plate solar air heater were also investigated. Lanjewar, Bhagoria, and Sarviya (2011) presented experimental investigation of heat transfer and friction factor characteristics of a rectangular duct roughened with W-shaped ribs on its underside on one broad wall arranged at an inclination with respect to flow direction. The authors had compared the results of heat transfer and friction factor with those for a smooth duct under similar flow and thermal boundary conditions to determine the thermohydraulic performance. Correlations were also developed for heat transfer coefficient and friction factor for the roughened duct. Tanda (2011) discussed the performance of solar air heater ducts with different types of ribs on the absorber plate. All the rib-roughened channels performed better than the reference smooth channel in the medium-low range of the investigated Reynolds number values. Gill, Singh, and Singh (2012) designed, fabricated, and tested two low-cost solar air heaters, i.e. single glazed and double glazed. The collector efficiency factor, heat-removal factor based on air outlet temperature, and air inlet temperature for solar air heaters were also determined.
There is an increasing interest among researchers in the design, development, and optimization of a smooth flat-plate solar air heater (SFPSAH) over past few decades. Siddhartha, Sharma, and Varun (2012) used particle swarm optimization algorithm for optimization of thermal performance of SFPSAH. The authors had carried out simulation for three different cases using the climatic condition data of Hamirpur city of India to investigate the thermal performance of SFPSAH. Maximization of thermal efficiency was set as an objective function. Siddhartha, Chauhan, Varun, and Sharma (2012) used simulated annealing algorithm to optimize the thermal performance of SFPSAH and predicted the optimum set of design and operating parameters. Chamoli, Chauhan, Thakur, and Saini (2012) presented an extensive study of the research carried out on double-pass solar air heater. Karwa and Chitoshiya (2013) presented an experimental study of thermohydraulic performance of a solar air heater with 60° V-down discrete rib roughened on the airflow side of the absorber plate along with a smooth duct air heater. The authors claimed that the thermal efficiency was increased by 12.5-20% due to the roughness on the absorber plate depending on the airflow rate; higher enhancement was at the lower flow rate.
It has been observed that only few researches had attempted the optimization of flat-plate solar air heater by considering the different system and operating parameters to obtain maximum thermal performance (Varun & Siddhartha, 2010; Siddhartha, Chauhan, et al., 2012) . Varun and Siddhartha (2010) used GA, Siddhartha, Chauhan, et al. (2012) used PSO and used simulated annealing (SA) for optimization of thermal performance of a SFPSAH. However, the parameter setting of the GA, PSO, and SA algorithms is a serious problem which influences their efficiency and affects the performance of the algorithms, for example, GA requires the crossover probability, mutation rate, and selection method; PSO requires learning factors, the variation of weight, and the maximum value of velocity; SA requires temperature decrement. Similarly, the other advanced optimization algorithms like artificial bee colony (ABC) requires number of employed bees, onlooker bees, and value of limit; harmony search (HS) requires the harmony memory consideration rate, pitch adjusting rate, and number of improvisations. Unlike other optimization techniques, a recently developed optimization technique, namely teaching-learningbased optimization (TLBO) algorithm does not require any algorithm parameters to be tuned, thus making the implementation of TLBO algorithm simpler. This algorithm requires only the common control parameters and does not require any algorithm-specific control parameters. In the literature, it is observed that the TLBO algorithm is not yet used in the field of optimization of a SFPSAH. Hence, in this paper, TLBO algorithm is used to estimate the optimal performance of a SFPSAH, with various effective parameters. The next section presents the details of the TLBO algorithm.
TLBO algorithm
TLBO is a teaching-learning process-inspired algorithm proposed by Vakharia (2011a, 2011b) and Rao, Savsani, and Balic (2011) based on the effect of influence of a teacher on the output of learners in a class. The algorithm describes two basic modes of the learning: (1) through teacher (known as teacher phase) and (2) interacting with the other learners (known as learner phase). In this optimization algorithm, a group of learners is considered as population and different subjects offered to the learners are considered as different design variables of the optimization problem, and a learner's result is analogous to the "fitness" value of the optimization problem. The best solution in the entire population is considered as the teacher. The design variables are actually the parameters involved in the objective function of the given optimization problem and the best solution is the best value of the objective function. The working of TLBO is divided into two parts, "Teacher phase" and "Learner phase". The flow chart of TLBO algorithm is shown in Figure 1 . Working of both these phases is explained below.
Teacher phase
It is the first part of the algorithm where learners learn through the teacher. During this phase, a teacher tries to increase the mean result of the class in the subject taught by him or her depending on his or her capability. At any iteration i, assume that there are "m" number of subjects (i.e. design variables), "n" number of learners (i.e. population size, k = 1, 2, … , n), and M j, i be the mean result of the learners in a particular subject "j" (j = 1, 2, … ,m) The best overall result X total-kbest, i considering all the subjects together obtained in the entire population of learners can be considered as the result of best learner kbest. However, as the teacher is usually considered as a highly learned person who trains learners, so that they can have better results, the best learner identified is considered by the algorithm as the teacher. The difference between the existing mean result of each subject and the corresponding result of the teacher for each subject is given by, where, X j, kbest, i is the result of the best learner (i.e. teacher) in subject j. T F is the teaching factor. It is important to note here that after conducting a number of computational experiments on various benchmark functions , it was observed that the best value of objective function can be achieved when T F value is taken as 1. So, in the TLBO algorithm, the value of T F is considered as 1 and the term "T F " is removed in the TLBO algorithm. Hence, Equation 1 is rewritten as:
Based on the Difference_Mean j, k, i , the existing solution is updated in the teacher phase according to the following expression.
where X ′ j,k,i is the updated value of X j, k, i . X ′ j,k,i is accepted if it gives better function value. All the accepted function values at the end of the teacher phase are maintained and these values become the input to the learner phase. The learner phase depends upon the teacher phase.
(1)
Learner phase
It is the second part of the algorithm where learners increase their knowledge by interaction among themselves. A learner interacts randomly with other learners for enhancing his or her knowledge. A learner learns new things if the other learner has more knowledge than him or her. Considering a population size of "n", the learning phenomenon of this phase is expressed below:
Randomly select two learners P and Q, such that X X'' j,P,i =X' j,P,i +r i (X' j,Q,i -X' j,P,i ) X'' j,P,i =X' j,P,i +r i (X' j,P,i -X' j,Q,i ) The TLBO algorithm has been already tested on several constrained and unconstrained benchmark functions and proved better than the other advanced optimization techniques (Rao & Patel, 2012 , 2013 had evaluated the performance of the TLBO algorithm over a set of multi-objective unconstrained and constrained test functions and the results were compared against the other optimization algorithms. The TLBO algorithm was observed to outperform the other optimization algorithms for the multi-objective unconstrained and constrained benchmark problems.
Waghmare (2013) presented the correct understanding about the TLBO algorithm in an objective manner and comments were made on the note of Črepinšek, Liu, and Mernik (2012) . Yu, Wang, and Wang (2014) used improved TLBO for numerical and engineering optimization problems. The authors mentioned that the claim made by Črepinšek, Liu, and Mernik (2014) that Waghmare (2013) used different success rates was unsuitable. The comparisons of evolutionary algorithms conducted by Veček, Mernik, and Črepinšek (2014) attempted to cast the TLBO algorithm in a poor light, although this attempt may also be seen as not meaningful. The findings were simply comparisons of the basic TLBO algorithm with different modified versions of DE and did not consider other important algorithms, such as the GA, SA, PSO, and ACO (Yu et al., 2014) . It may be mentioned that various researchers like Niknam, Azizipanah-Abarghooee, and Rasoul Narimani (2012), Rao, Kalyankar, and Waghmare (2014) , Baykasoğlu, Hamzadayi, and Köse (2014) , Satapathy and Naik (2014) , Medina, Das, and Coello (2014) , Basu (2014) , Zou, Wang, Hei, Chen, and Yang (2014) , Camp and Farshchin (2014) , Moghadam and Seifi (2014) and Sultana and Roy (2014) proved the better performance of the TLBO algorithm as compared to the other evolutionary algorithms. Hence, the TLBO algorithm is attempted in the present work for the optimization of thermal performance of SFPSAH.
Thermal performance of solar air heater
The thermal performance of SFPSAH is investigated using the TLBO algorithm based on heat transfer phenomena (ASHRAE Standards) and calculation of flat-plate collector loss coefficients (Klein, 1975) . Figure 2 presents the zenith angle, angle of incidence, tilts angle, and azimuth angle for a tilted surface (Twidell & Weir, 2005) . The angle between the sun direction and the normal direction of a tilted surface can be represented as:
where θ is the angle of incidence, θ z is the solar zenith, β is the tilt angle, γ s is the azimuth angles, and γ is the azimuth angle for a tilted surface.
The design parameters are: number of glass cover plates, irradiance, and Reynolds number and the operating parameters are: wind velocity, plate tilt angle, emissivity of the plate, and ambient temperature. The thermal performance of a SFPASH can be predicted on the basis of detailed considerations of heat transfer processes and correlations for heat transfer coefficient, heat removal factor, etc. The objective function for thermal performance of SFPSAH can be proposed as given by ASHRAE Standards (1997) and expressed by the following equation:
The top loss coefficient is determined using relation (7) (Klein, 1975) .
The different relations used for calculating overall loss coefficient (U 0 ), heat removal factor at outlet (F 0 ), and temperature rise (T 0 − T i ) are computed using relation (7), (11) and (13), respectively.
where Heat removal factor at outlet (F 0 ) can be expressed as: The temperature rise (T 0 − T i ) is computed by the following equation.
The constraints of the problem are:
• 1 ≤ N ≤ 3; N is varied in steps of 1.
• 600 ≤ S ≤ 1,000; S is varied in steps of 200.
• 2,000 ≤ Re ≤ 20,000; Re is varied in steps of 2,000.
The computations were carried out using TLBO algorithm for three different cases using the climatic condition data of the city of Hamirpur, India, situated between 31°25′-31°52′ N (latitude) and 76°18′-76°44′ E (longitude).
The other climatic conditions of the city of Hamirpur, India, are as follows:
where is the wind velocity (m/s) and T a is ambient temperature.
The following three different cases are considered (Siddhartha, Chauhan, et al., 2012) .
Case 1: Obtain the value of V and T a through TLBO algorithm and generate є p (0.85-0.95) and β (0°-70°) randomly.
Case 2: Obtain the value of β and T a through TLBO algorithm and generate є p (0.85-0.95) and v (1-3) randomly.
Case 3: Obtain the value of V and β through TLBO algorithm and generate є p (0.85-0.95) and T a (280-310 K) randomly for a fixed value of N (1, 2 and 3) and fixed S (600, 800, and 1,000 W/ m 2 ) and varying Re ranging from 2,000 to 20,000 in an incremental step of 2,000. The next section explains the detailed results and discussion.
Results and discussion
To check the effectiveness of the TLBO algorithm, extensive computational trials are conducted on a flat-plate solar air heater and results are compared with those obtained by the other optimization algorithms. For the fair comparison of the TLBO algorithm, the same number of function evaluations are used (Siddhartha, Chauhan, et al., 2012) . Population size 30 and maximum number of generations 50 are considered. Like other optimization algorithms (e.g. PSO, ABC, ACO, etc.), TLBO algorithm also does not have any special mechanism to handle the constraints. So, for the constrained optimization problems, it is necessary to incorporate any constraint handling techniques with the TLBO algorithm. In the present experiments, Deb's heuristic constrained handling method (Deb, 2000) is used to handle the constraints with the TLBO algorithm. Deb's method uses a tournament selection operator, in which two solutions are selected and compared with each other. The TLBO code is written in MATLAB and implemented on a laptop having Intel core i3 2.53 GHz processor with 1.85 GB RAM. . Table 2 shows the optimum results of thermal performance obtained using the TLBO algorithm and comparison is made with those obtained by the PSO algorithm at N = 3 and S = 600 W/m 2 . The optimum results of thermal performance is also found at different values of N and S, but for the (13)
comparison purpose, it is reported at N = 3 and S = 600 since the results for another settings are not available in Siddhartha, Chauhan, et al. (2012) . From Table 2 , it can be seen that the thermal efficiency is improved by 5.54% for case 1, 5.39% for case 2, and 5.44% for case 3 using the TLBO algorithm. The optimal thermal performance corresponding to the optimized set of values of velocity (v), tilt angle (β), emissivity of plate (є p ), and ambient temperature (T a ) is determined using the TLBO algorithm as provided in Table 2 . Table 3 presents the range of thermal performance variation for different number of glass cover plates. In total, three sets of glass plates have been considered. Three cases are considered to evaluate the thermal performance of solar air heater using the TLBO algorithm and the results are compared with the PSO algorithm. From Table 3 , it can be seen that the thermal efficiency increases as the number of glass cover plate increases. For case 1, the maximum thermal efficiency is obtained at S = 600 and Re = 20,000 and is improved by 8.70, 7.36, and 5.54% for N = 1, 2, and 3, respectively, using the TLBO algorithm. For case 2, the maximum thermal efficiency is obtained at S = 600 and Re = 20,000 and is improved by 8.89, 7.35, and 5.22% for N = 1, 2, and 3, respectively, using the TLBO algorithm. For case 3, the maximum thermal efficiency is obtained at S = 600 and Re = 20,000 and is improved by 8.88, 7.21, and 5.21% for N = 1, 2, and 3, respectively, using TLBO algorithm. Table 4 presents a set of optimum results of thermal performance of solar air heater at different Reynolds numbers for N = 1 and S = 600 W/m 2 using the TLBO algorithm and the results are compared with those obtained by GA, PSO, and SA algorithms. The thermal performance in terms of thermal efficiency and different operating parameters for different Reynolds number varying from 2,000 to 20,000 with incremental step of 2,000 are estimated and included in Table 4 . In Table 4 , the symbol "-" indicates that the results are not available in the cited reference. From Table 4 , it can be seen that the thermal efficiency of solar air heater obtained using the TLBO algorithm is better than that obtained using other optimization algorithms by the previous researchers. Table 5 presents the set of optimum results at different Reynolds numbers, N = 2 and S = 600 W/m 2 . It can be seen that the maximum thermal efficiency of 74.5783% is obtained using the TLBO algorithm at Reynolds number of 20,000, with v = 1.8635 m/s, T a = 304.6286 K, β = 6.3283°, and є p = 0.8738. The set of optimum results at different Reynolds numbers, N = 3 and S = 600 W/m 2 are shown in Table 6 . The maximum thermal efficiency obtained using TLBO algorithm is 76.6739%. It can be observed that for the same settings, the thermal performance of a SFPSAH obtained by the TLBO algorithm is better as compared to the other algorithms. Table 7 Table 8 . The maximum thermal efficiency obtained using TLBO algorithm is 74.4992%. It can be observed that for the same settings, the thermal performance of a SFPSAH obtained by the TLBO algorithm is better as compared to the other algorithms.
A set of optimum results at different Reynolds numbers, N = 3 and S = 800 W/m 2 is shown in Table 9 . The maximum thermal efficiency obtained using the TLBO algorithm is 76.5913%. It can be observed that for the same settings, the thermal performance of a SFPSAH is better for the TLBO algorithm as compared to that obtained by the other algorithms. Table 10 Table 12 . The maximum thermal efficiency obtained using TLBO algorithm is 76.4188%. It can be observed that for the same settings, the thermal performance of a SFPSAH obtained by the TLBO algorithm is better as compared to the other algorithms. Set of optimum results at different Reynolds numbers, N = 1 and S = 1200 W/m 2 is shown in Table 13 . The maximum thermal efficiency obtained using TLBO algorithm is 69.06378%. It can be observed that for the same settings, the thermal performance of a SFPSAH is better for the TLBO Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Note: The symbol "-" indicates results are not available in the corresponding literature.
Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Note: The symbol "-" indicates results are not available in the corresponding literature.
Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012) , respectively. Source: The data of the GA, PSO, and SA are taken from Varun and Siddhartha (2010) , and Siddhartha, Chauhan, et al. (2012), respectively. algorithm as compared to other algorithms. Table 14 presents the set of optimum results at different Reynolds numbers, N = 2 and S = 1200 W/m 2 . It can be seen that the maximum thermal efficiency of 74.1743% is obtained using the TLBO algorithm at Reynolds number 20,000, with v = 1.8973 m/s, T a = 290.3753 K, β = 16.4672°, and є p = 0.8623. A set of optimum results at different Reynolds numbers, N = 3 and S = 1200 W/m 2 is shown in Table 15 . The maximum thermal efficiency obtained using TLBO algorithm is 76.0374%. It can be observed that for the same settings, the thermal performance of a SFPSAH obtained by the TLBO algorithm is better as compared to the other algorithms.
In Tables 5-15 , the symbol "-" indicates that the results are not available in the cited reference. From Tables 4-15, it can be seen that TLBO algorithm performed better than the other optimization algorithms considered by the previous researchers.
Effect of Reynolds number on thermal performance
In this section, the effect of Reynolds number on thermal performance of SFPSAH is analyzed with respect to the design and operating parameters. Figure 3 presents variation of thermal performance for different Reynolds number (Re) using TLBO algorithm. Figure 4 shows the comparison of different algorithms with Reynolds number. Figure 4 shows variation of thermal performance for different number of glass plates at S = 600 W/m 2 (using TLBO algorithm). The thermal performance of a flatplate solar air heater increases with the increase in Reynolds number as seen in Figures 3-5 . The thermal efficiency ranges from 31.7385 to 69.9757 with an increasing Reynolds number varying from 2,000 to 20,000 with single glass cover and irradiance of 600 W/m 2 as shown in Table 4 . Similarly, the performance range is 38. 1378-74.5783 and 43.3532-76.6739 for the same range of Reynolds number and irradiance having two and three glass covers, respectively. The maximum value of thermal efficiency is 76.67% and it is obtained with three glass cover plates and irradiance of 600 W/m 2 at Reynolds number of 20,000. The maximum value of efficiency is obtained at V = 1.2729 m/s, tilt angle = 59.5832°, emissivity of plate = 0.8835, ambient temperature = 293.9362 K, and temperature rise = 2.1395 K. Hence, it can be concluded from Tables 4-15 that the thermal performance of a flat-plate solar air heater increases with increase in Reynolds number. 
Effect of number of glass plates on thermal performance
From Figure 4 and Tables 4-15, it can be seen that as the number of glass plates of solar air heater increases, the thermal efficiency of the solar air heater increases. The thermal performance of the solar air heater is investigated for different sets of glass plates varying from 1 to 3. The range of thermal performance for single glass cover varies from 28.3282% for I = 1200 W/m 2 and Re = 2,000 to 69.9757% for I = 600 W/m 2 and Re = 20,000. Similarly, for two glass covers, the thermal performance varies from 35.4562% for I = 1200 W/m 2 and Re = 2,000 to 74.7183% for I = 600 W/m 2 and Re = 20,000, and for three glass covers, the thermal performance varies from 40.2748% for I = 1200 W/m 2 and Re = 2,000 to 76.6739% for I = 600 W/m 2 and Re = 20,000. Figure 5 shows the effect of solar radiation intensity on thermal performance for N = 1. , respectively. Hence, it can be concluded that as the irradiance increases, the thermal performance slightly decreases as can be seen from Figure 5 and Tables 4-15.
Effect of solar radiation intensity on thermal performance

Conclusions
In the present work, a recently developed optimization algorithm known as TLBO algorithm is used for investigating the thermal performance of a SFPSAH. Maximization of thermal efficiency of SFPSAH is considered as the objective function. The thermal performance is obtained for different Reynolds numbers, irradiance, and number of glass plates. The maximum value of thermal efficiency of 76.67% is obtained with wind velocity of 1.2729 m/s, tilt angle of 59.5832°, plate emissivity of 0.8835, ambient temperature of 3.9362 K, temperature rise of 2.1395 K, irradiance of 600, and Reynolds number of 20,000. The final results obtained by the TLBO algorithm are compared with other optimization algorithms like GA, PSO, and SA and found to be satisfactory. The results also show that the thermal performance increases with the Reynolds number and the number of glass cover plates, but slightly 
